We report on a Monte-Carlo study of two-dimensional Ginzburg-Landau superconductors in a magnetic field which finds clear evidence for a firstorder phase transition characterized by broken translational symmetry of the superfluid density. A key aspect of our study is the introduction of a quantity proportional to the Fourier transform of the superfluid density which can be sampled efficiently in Landau gauge Monte-Carlo simulations and which satisfies a useful sum rule. We estimate the latent heat per vortex of the melting transition to be ∼ 0.38k B T M where T M is the melting temperature. 74.60Ec;74.75.+t Typeset using REVT E X 1
In mean-field theory type II Ginzburg-Landau superconductors in a magnetic field have an unusual second-order phase transition. In the low-temperature (T < T
M F c
) phase discovered by Abrikosov [1] the zeros of the superconducting order parameter (vortices) form a lattice and the system exhibits both broken translational symmetry and off-diagonal longrange order (ODLRO). Unusual aspects of the transition are related to the Cooper-pair Landau level structure [2] which causes the mean field instability of the disordered phase to occur simultaneously at T , where different channels are independent, are like those of a D − 2 dimensional system [3] at zero magnetic field suggesting that the mean-field phase transition to the Abrikosov state will be destroyed by fluctuations for D < 4. High-temperature perturbative expansions [4, 5] , even when evaluated to high-order where coupling between different channels becomes important, show no evidence of a transition for D = 3 or D = 2 between the high-temperature fluid state and Abrikosov's vortex-lattice state. The results of MonteCarlo simulations for D = 2 have been controversial. Tešanović and Xing [6] and Kato and Nagaosa [7] find evidence for a phase transition at a temperature below T
while O'Neill and Moore [8] have concluded that the Abrikosov phase transition is suppressed by thermal fluctuations. In this letter we present [9] the results of a Monte-Carlo simulation for D = 2 in which we find unambiguous evidence for a first-order phase transition.
The free energy density of a Ginzburg-Landau superconductor is given by
.) The quadratic terms in Eq. (1) In this work we adopt the LLL approximation in which we assume that fluctuations in higher Landau level channels can be neglected [6, 10] and consider only the two dimensional limit where variations of the order parameter along theẑ direction can be neglected. In the LLL approximation the order parameter is defined up to an overall scale factor by its zeros, i.e. by the positions of the vortices. (This property has been used by Tešanović and collaborators [6, 12] to develop many useful insights.) This limit applies to films thinner than a coherence length and to layered systems when the inter-layer coupling can be neglected. We choose the Landau gauge ( A = (0, Bx, 0)) and apply quasi-periodic boundary conditions to the order parameter inside a finite system with lengths L x and L y . (For thin films, especially those formed of strongly type II materials it is a good approximation to ignore fluctuations in the vector potential A.) The order parameter Ψ( r) can then be expanded in the form,
, s runs over all integers and j runs from 1
which must be chosen to be an integer.
A central role in our study is played by the superfluid-density spatial correlation function, whose Fourier transform is defined by
We evaluate χ SF D ( k) by expressing it in terms of
where for a finite system k = 2π(n x /L x , n y /L y ) , δ j = 1 if j is a multiple of N φ and is zero otherwise, and X j ≡ X j,0 . (Note that ∆ 0 ≡ ∆( k = 0) is proportional to the integrated superfluid density.) ∆( k) is conveniently sampled in our Landau gauge Monte Carlo simulations and
Moreover ∆( k) satisfies the following sum rule for each configuration of the Ginzburg-Landau system, 
It is readily verified [11] that Eq. (7) is satisfied for all k = 0 when T ≫ T We can express the Ginzburg-Landau free energy in terms of |∆( k)| 2 as follows
where 
With this definition the free energy, β and ∆ 0 at any value of g can be determined by minimizing
with respect to β and ∆ 0 . (F β is extensive so fluctuations become negligible in the ther- 
